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1
THERMAL ANALYSIS FOR SOURCE ROCKS

TECHNICAL FIELD

This disclosure relates to analysis of a geological forma-
tion having organic sources of hydrocarbons.

BACKGROUND

Unconventional source rocks may be organic-rich sedi-
mentary deposits, such as shales and mud rocks. The organic
components of the source shale may consist of the hydro-
carbon-source material kerogen and its produced compo-
nents bitumen and pyrobitumen. The mechanical, physical,
and chemical properties of composites of the organic com-
ponents and norganic components (for example, silicates,
clays, carbonates, and pyrite) forming the source rock fabric
may aflect predictive reservoir modeling, wellbore drilling,
and economical o1l and gas production.

SUMMARY

An aspect relates to a method of evaluating a geological
formation. The method includes preparing a source-rock
sample from the geological formation and acquiring a topog-
raphy map of a region of the source-rock sample at a
resolution less than 1 micrometer (um). The method includes
selecting measurement areas of the region based on the
topography map. The method 1includes determining material
transition temperature of the source-rock sample at the
measurement areas at a scale less than 1 millimeter via
atomic force microscopy (AFM) with an AFM instrument.
The AFM 1nstrument has includes cantilever having a can-
tilever tip.

Another aspect 1s a method of evaluating a geological
formation. The method includes mounting a source-rock
sample from the geological formation to a sample holder of
an AFM instrument. The source-rock sample 1s mounted
with a specified orientation relative to bedding of the source-
rock sample. The method includes identifying a region of
interest of the source-rock sample via techniques, such as a
reflected-light optical image, scanming electron microscopy
(SEM), energy dispersive spectroscopy (EDS), fluorescence,
AFM-infrared red (IR), and Fourier-transform inirared spec-
troscopy (FTIR). The method includes determining a mate-
rial property of organic domains of the region via the AFM
instrument 1n nanothermal analysis (nanoTA) mode.

The details of one or more implementations are set forth
in the accompanying drawings and the description to be
presented. Other features and advantages will be apparent
from the description and drawings, and from the claims.

BRIEF DESCRIPTION OF DRAWINGS

FIG. 1 1s a block tlow diagram of a method of nanother-
mal analysis of source rocks.

FIG. 2 1s a block flow diagram of a method of scanning,
thermal microscopy of source rocks.

FIG. 3 1s a block flow diagram of a method of scanming
thermal microscopy of source rocks.

FIG. 4 1s a diagram of a general representation of a
prepared source-rock sample for AFM testing as in the
Examples.

FI1G. 5 15 a table giving mineralogy for source-rock (shale)
samples in the Examples.

FIG. 6 1s images associated with the analyses of the
Samples 1 and 2 in the Example 1.
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FIG. 7 1s illustrations depicting results of the analyses of
Samples 2 and 3 in Example 2.

FIG. 8 1s scanning electron microscope (SEM) images of
a source-rock sample.

FIG. 9 1s a diagram of a source-rock evaluation system to
analyze a source-rock sample.

FIG. 10 1s a block flow diagram of a method of evaluating
a geological formation.

DETAILED DESCRIPTION

Some embodiments of the present disclosure relate to
thermal analysis of porous composites, such as source rock
shale having organic and inorganic structures with hydro-
carbons. Aspects may include thermal analysis of rock or
shale and organic components 1n composite structures from
a geological formation (for example, shale formation) 1n
which the organic components may be organic source mate-
rial for hydrocarbons. Thermal properties of the conglom-
crate shale material, the segregated granular rock, and the
organic domains may be considered. The thermal properties
evaluated may 1include thermal conductivity and material
transition temperature. The resolution of the thermal analy-
s1s may be at microscale or nanoscale via atomic force
microscopy (AFM). Thermal modules associated with the
AFM instrument or microscope may facilitate determination
of thermal parameters (for example, thermal conductivity
and transition temperature) to capture the thermal properties
of individual features. The properties and the effects of
individual components may be 1solated and upscaled to an
understanding of the macroscale behavior.

Aspects of the disclosure are directed to nanoscale and
microscale measurements of the thermal properties (for
example, thermal conductivity or material transition tem-
perature) of rock formations (for example, shale or source
rock) at the scale of the micro-heterogeneity and nano-
heterogeneity of the composite rock components. The rock
formation can include inorganic materials in the form of
minerals and clays and organic materials 1 the form of
kerogen, bitumen, and pyrobitumen. The nanoscale mea-
surements can be by atomic force microscopy (AFM) for
capturing thermal conductivities of source-rock samples at
microscale or nanoscale resolution. The AFM instrument
modes include at least nanothermal analysis (nanoTA) and
scanning thermal microscopy (SThM). Nanoscale and
microscale measurements of a thermal property can provide
for a correlation between lithology, organic matter type and
maturity, and the thermal property. The measurements may
additionally account for the effects of structural anisotropy
at the length scale of the rock fabric individual components.
The collected data and associated analysis may be used as
iputs to supplement basin modeling and well-production
performance analysis. The well-production analysis may
include improving or optimizing hydraulic fracturing opera-
tions.

The thermal conductivity of geological rock formations of
a hydrocarbon reservoir may be utilized as a parameter for
enhancing reservoir modeling reservoir and dating various
basin properties. The thermal conductivity of rock forma-
tions may be utilized to predict or diagnose well production
performance. The temperature profile of a well 1s a compo-
nent of production logs and continues to be a roufine
measurement during production logging. Translation of the
temperature profile mto interpretations of the subterranean
state may benefit from thermal conductivity information
about the formation. Typically, the thermal conductivity (k)
1s taken as an average value and 1s assumed based on the
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lithology. This assumption, however, does not take nto
account the varnations 1n the lithology versus depth which
can aflect the thermal conductivity. The ability to directly
measure the thermal conductivity of each rock component at
the scale of the heterogeneity has generally not been pos-
sible with conventional measurement of thermal conductiv-

ity.

A nanoscale measurement of thermal conductivity of
samples of the rock formation can provide a correlation
between lithology, organic matter type and maturity, and
thermal conductivity. The correlation can be utilized in
algorithms where thermal conductivity 1s not constant but a
function of the other parameters. Direct nanoscale measure-
ments of the thermal conductivity may additionally account
for the eflects of anisotropy at the length scale of the
rock-fabric heterogeneity.

Aspects of the present disclosure provide nanoscale and
microscale measurement via AFM to capture high-resolu-
tion (for example, nanoscale-resolution) measurement of
thermal conductivities of source rocks (the source rock
formation of the reservoir). Two applications for the infor-
mation captured in this manner include: (1) basin modeling,
and (2) well production performance analysis.

Basin modeling may be employed to explain the amount
and timing of hydrocarbons produced from a source (reser-
voir) and determine the migration pathway. A component of
basin modeling 1s to evaluate the thermal history of the basin
and thus explain the amount and types of hydrocarbons
produced. The thermal history evaluation may be based on
heat flow (QQ) where the thermal conductivity 1n the 1 and
directions, k,;, 1s a constant multiplier of the temperature
gradient (dT) by depth (z) as shown in the following
equation [1]:

dT

— k. —
Q 1 dZ

The microscale or nanoscale resolution of thermal con-
ductivity data from AFM may provide improved resolution
of the components and their individual contribution to the
overall heat flow 1n a basin model. The thermal conductivity
at this resolution can provide 1nsight into porosity develop-
ment 1n kerogen.

In the second application (analysis of well production
performance) related to the production performance of oil
and gas wells, well conditions can be diagnosed with tem-
perature logs and formation parameter values (including
thermal conductivity). The diagnosis of the well conditions
can include: (a) locating gas or water entries into production
wells; (b) locating lost circulation zones; (c¢) detecting
channels behind casing in the wellbore; and (d) analyzing
stimulation treatments (for example, acidizing or fracturing)
in terms of fluid placement.

AFM 1s a nanoscale characterization technique 1n which
the deflection of a cantilever 1s employed to measure tip-
surface interactions. As the tip of the cantilever interacts
with the surface of a material (sample), two curves of
force-versus-distance are generated. The two curves can be
utilized to mterpret material properties, such as mechanical
moduli, surface topography, and adhesion. The traditional
AFM probe 1s a cantilever ol measurable spring constant
with a pointed tip (AFM tip) having a radius in the range of
S nanometers (nm) to 100 nm. The terms “AFM tip” or “tip”
refer to a tip portion of the cantilever of an AFM 1nstrument
or device. In contact mode, the tip moves along the surface
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4

and the deflection of the cantilever 1s measured to produce
a topography map at Angstrom resolution in height and on
the nanometer (nm) scale laterally. Other AFM modes
include tapping, force volume, and intermittent contact.

Embodiments of the present techniques are related to
AFM determining or measuring of thermal properties (at
nanoscale) of source rocks including their organic matter.
The thermal properties determined or measured include
material transition temperature and thermal conductivity.
This technique may gather nanoscale and microscale reso-
lution information for modeling and for a framework to
recognize the nanocomposite nature of these materials. This
recognition may impact understanding of hydrocarbon gen-
eration, micro-migration, macro-migration, reservoir stor-
ativity, reservoir production, and micro-porosity (and nano-
porosity) development in the organic matter. In addition,
models capturing temperature changes of the formation or
fluids upon injection nto the formation may utilize the
nanoscale thermal-conductivity measurements to predict
success of well and formation treatments.

When thermal properties are determined or measured by
AFM, a cantilever modified to have a heating element, such
as a metal film or resistive heater (for example, printed metal
circuit), 1s employed 1n place of the standard cantilever. A
voltage can be applied across the metal film that creates the
heating circuit to control the temperature of the AFM
cantilever tip (tip portion) at the end of the cantilever. In
implementations, a change in voltage difference due to
changes in the circuit resistance during the AFM tip inter-
action with the sample may be correlated with sample
thermal properties.

The “heating element” on the AFM cantilever may be a
resistive heater, such as a printed metal circuit or metal
coating. The metal coating may be a metal coated as a metal
resistor on the cantilever tip portion. In operation, the
voltage difference (for example, delta voltage or AV as input
voltage minus output voltage) across the heating element
may be measured to monitor heat transfer to and from the
tip. Heat transfer between the tip and the environment or
between the tip and a mounted sample may change the
voltage diflerence across the heating element.

In certain implementations, a voltage may be applied to
the heating element to set the tip to a set-point temperature
and maintain the tip at the set-point temperature. A first
voltage diflerence across the heating element can be mea-
sured with the tip not interacting with the sample (for
example, at least 5 mm distant from the sample). A second
voltage diflerence across the heating element can be mea-
sured with the tip interacting with the sample and transfer-
ring heat to the sample. The change 1n voltage difference
from the first voltage diflerence to the second voltage
difference can be correlated with thermal properties (for
example, thermal conductivity) of the sample. In an 1mple-
mentation with the tip, for example, at room temperature and
the tip then receiving heat from a heated mounted source-
rock sample, the resulting change in voltage difference
across the heating element can be measured and correlated
with thermal properties of the sample.

A calibration curve(s) may be employed to correlate a
measured change in voltage difference across the heating
clement with a value of a thermal property of the sample.
Calibration curves may be generated for example, by mea-
suring the change in voltage difference for samples of
standards or materials having known thermal properties.

To determine or measure the nanoscale thermal properties
of source rocks and organic matter, certain embodiments
employ at least two modes of operation: (1) nanothermal
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analysis (nanoTA) and (2) scanning thermal microscopy
(SThM). In nanothermal analysis, the aforementioned heat-
ing element may be employed to ramp the cantilever tip
temperature.

In nanoTA as a mode of operation, the AFM tip 1s placed
in contact with the sample. The tip temperature 1s ramped
(an 1ncreasing ramp) and the detlection of the cantilever 1s
recorded at preselected positions on the sample. The prese-
lected positions may be specified by the user. The cantilever
movement versus temperature 1s utilized to measure the
transition temperatures of the material position-by-position
or point-by-point (or area-by-area). In nanoTA, a point may
be selected but because the AFM tip has a radius and shape,
the AFM tip contacts an area at that point. Thus, selection of
a measurement point may be selection of a measurement
arca. While the AFM tip may have an end surface, the AFM
tip 1s a tip portion of the AFM device cantilever and has a
radius or width in the range of 5 nm to 100 nm.

Traditionally, material transition temperatures are utilized
to understand the glass transition temperature (Tg) and
melting poimnt (Im) of polymeric materials where these
parameters are measured from a deflection-versus-tip tem-
perature curve at selected locations. Imitially, the nanoTA
probe (cantilever) may be used to generate an AFM 1mage
that allows the user to identify points (positions or areas) for
local thermal property information. After the point of inter-
est 1s selected, the probe 1s moved to the fixed point on the
sample surface. The temperature of the tip may then be
ramped linearly with time while the degree of bending
(deflection, movement) 1s monitored. At the phase transition,
the sample material beneath the tip softens and the probe
penetrates 1nto the sample. This process provides the
nanoscale equivalent of a bulk thermo-mechanical analysis
that measures the phase transition temperatures of the
sample (such as Tg or Tm).

Employing nanoTA for source-rock samples provides an
opportunity to explore properties of the organic components
(for example, kerogen, bitumen, and pyrobitumen) and
inorganic components (for example, silicates and clays) 1n
the natural intertwined structure of the organic and 1norganic
components. Such 1s generally not possible with typical
thermal analysis techmques that require bulk shale samples,
separate clay minerals, or 1solated kerogen powder where
bitumen has already been extracted. The cantilever deflec-
tion versus temperature can be used to understand the
transition temperatures and the thermal strains of the organic
matter within domains having organic and 1norganic com-
ponents. This may also facilitate distinguishing components
of the organic matter (for example, bitumen, kerogen, and
pyrobitumen) at the submicron scale.

Distinguishing kerogen, bitumen, and pyrobitumen has
implications for unconventional source-rock stimulation
treatments. Recently-developed kerogen control fluids for
breaking down elastomeric ductile organic matter during the
hydraulic fracturing treatment may be selective for kerogen.
Distinguishing organic matter types within intact source-
rock samples 1n the laboratory may facilitate predicting the
success ol well and formation treatments 1n field applica-
tions.

In addition, the change 1n the transition temperatures and
shape (behavior) of the measured cantilever deflection-
versus-temperature curves can provide information about
sample maturity and how the properties (for example, poros-
ity, viscosity, ductility, and crosslink density) of the kerogen
change as the source-rock samples mature. This may be of
particular importance to understanding hydrocarbon storage,
expulsion, and micro-migration and macro-migration within
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the basin with changes 1n pressure, temperature, and stress
geologic evolution. In addition to the typical use of the
deflection-versus-temperature data, the topography of the
sample after the temperature ramp (particularly the topog-
raphy of the spot where nanoTA was performed) may be
utilized to provide further mnformation about the local heat
transier in the organic domains and the surrounding miner-
als. For instance, the lateral extent of permanent deforma-
tion, the height change beyond the central tip location, and
the depth of the indention at the tip position may be linked
to the thermal deformation (strain) and maturation properties
of the organic matter.

In SThM as a mode of operation, the AFM tip 1s rastered
along the sample surface while the AFM control loop for
heating the tip measures the difference between the input
voltage and the output voltage (for example, across the metal
resistor coated on the AFM device cantilever). The voltage
difference may be measured across a heating element (for
example, metal resistor or printed metal circuit) on the tip
portion of the AFM cantilever. When the tip 1s away from the
sample, the voltage difference 1s related to heat loss due to
ambient conditions. When the tip comes in contact with the
sample, heat may flow from the tip to the sample and the
voltage difference 1s monitored. The more thermally con-
ductive the area, the greater the voltage diflerence (more
negative) and the 1mage pixel 1s dark. By contrast, when an
area 1s less thermally conductive, the voltage diflerence 1s
smaller (less negative) and the image pixel 1s bright.

For three dimensional (3D) composite materials with
nanoscale chemical heterogeneities, the bulk thermal con-
ductivity 1s related to the thermal conductivity of the 1ndi-
vidual components that make up the material and how those
materials are distributed within the composite. Source rock
1s a mix of organic and inorganic materials that varies
texturally, mechanically, and chemically at the nanoscale
and microscale. The composite can be described as a natural
3D composite material. The AFM may determine or measure
the thermal conductivity of source rocks at length scales of
nanometer (nanoscale), micrometer (microscale), and milli-
meter scale. At each of these length scales, the thermal
conductivity of minerals and organics of the source-rock
matrix can be interrogated with respect to lithology, miner-
alogy, and thermal maturity. In addition to measuring the
thermal conductivity of the individual components, AFM
can be employed to understand the thermal conductivity
differences due to component shape, orientation, bedding
(stacking), and average values of upscaled properties. This
may differ from measurements made on bulk (macro)
samples at less resolution.

A Tactor that aflects thermal conductivity 1s the size of the
domains 1n the composite material which can vary in source
rocks. Scattering at material interfaces reduces thermal
conductivity but interrogating these eflects conventionally at
the nanoscale can be problematic. Conversely, utilizing
AFM to link the thermal conductivity of a source rock to the
grain or domain size (rock texture) provides for thermal-
conductivity estimates for models and upscaling. The AFM
determination or measurement of thermal conductivity can
be performed at the multiple scales including nanoscale,
microscale, and millimeter scale. These data may provide a
framework of the thermal-conductivity parameters utilized
in basin models. Rather than assign thermal conductivity
based on lithology alone, the eflects of mineralogy and
thermal maturity can be taken into account.

The thermal conductivities when upscaled can addition-
ally be utilized to understand the rate of change of the
fracturing tluid or the source-rock formation during hydrau-
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lic fracturing treatment. This may be beneficial for reactive
hydraulic fracturing fluids (for example, kerogen control
fluid) where the activation temperature of the reaction
should be reached 1n order for kerogen to begin to degrade
upon contact with the fluid. The greater the thermal con-
ductivity of the {formation (particularly the organic
domains), the more quickly the tluid and the kerogen reach
the activation temperature (and the kerogen begins to
degrade). This knowledge of the temperature profile at the
microscale and nanoscale of the interfaces between the
formation and fluid may facilitate understanding of how the
kerogen properties can be altered within the same time scale
as a given stage 1n a hydraulic fracturing treatment.

In SThM, the topography may be utilized to identify
domains, pores, surface contamination, or surface structures
that may affect the voltage difference across the heating
clement (metal film or printed circuit) on the AFM tip. An
estimate of porosity of the organic domains 1n intact rock
may be determined via SThM measurements. The combi-
nation of SThM with topography maps can be utilized to
estimate pore sizes and shapes. The estimated pore sizes and
shapes can be correlated to the effect of porosity increase
and decrease on the thermal properties of the rock. Kerogen
porosity 1s typically estimated from 1maging techmques or
by gas sorption techniques. For source rocks, pores are
complex with varying size, shape, and orientation that
develop because of hydrocarbon generation and 1n providing
the mitial hydrocarbon migration pathway.

Differences 1n thermal conductivity can be related to the
scattering ol phonons. Therefore, SThM may provide for
measuring or determining porosity in the organic domains of
kerogen at greater resolution than provided by other tech-
niques. The ability to identily and characterize these nan-
opores gives not only understanding of hydrocarbon gen-
eration and storage, but also the potential for liquid or gas
(for example, carbon dioxide or CO,) uptake during stimu-
lation treatments. In addition, the evolution of thermal
conductivity versus maturation can be evaluated by artifi-
cially maturing a sample while tracking differences 1n ther-
mal conductivity and porosity variations. This may provide
insight 1nto pore development and pore characteristics (pore
shape and size) at the nanometer scale as well as at the
length-scale of the whole organic domain of the sample. The
thermal conductivity of kerogen pores that are both evacu-
ated and fluid-saturated can also be measured and analyzed.

Graphene 1s commonly used as a filler maternial to produce
thermally conductive polymeric composites where the
amount of graphene dispersed in an insulating polymer
matrix provides increased thermal conductivity. The thermal
conductivity of the organic domains as determined or mea-
sured by SThM may also provide a relative comparison of
thermal maturity between samples. As kerogen matures,
aliphatic domains (having less thermal conductivity than
other domains) become increasingly more aromatic and thus
more graphitic. In present embodiments, the thermal con-
ductivity of organic domains in a series of samples with
unknown thermal maturity can be compared to give the
relative difference 1n thermal conductivity. This relative
difference can then be utilized to 1dentity more mature from
less mature samples as well as provide information about the
local distribution of the graphitic versus aliphatic compo-
nents.

Present embodiments provide techniques to employ AFM
to determine or measure the thermal conductivity of source
rocks at the length scale of the individual rock components.
The techniques may also determine or measure the anisot-
ropy of the thermal conductivity of the components of
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source rocks at the micrometer and nanometer scales. Also
included 1s determining or measuring thermal expansion
(alteration) of the organic components properties at the
submicron scale. These thermal expansion data may be
linked to the thermal maturity and, in some cases, the
crosslink density of the kerogen. Such may be relevant for
gas and o1l storage, expulsion, and migration.

In the nanoTA mode of operation, topography and
mechanical properties scans ol a source-rock sample are
collected to i1dentily regions of interest (organic domains)
for measuring glass transition and melting points. Once an
organic domain 1s recognized, individual measurement
points are 1dentified by the user for thermal analysis. Next,
at each point, the AFM tip 1s placed on the surface and the
temperature at the tip ramps from an initial set-point tem-
perature (for example, room temperature) to a predeter-
mined maximum temperature (for example, up to 500° C.)
while the deflection of the cantilever 1s recorded. After data
1s collected during the heat ramps at each position, final
topography and mechanical properties scans may be taken.
Phase transitions of the organic domains may be 1dentified
based the detlection-versus-temperature curve. In addition,
the technique may 1nterrogate the after-image of the domain
for the lateral eflects of the local heating as demonstrated by
the size and shape of the local area. Both the transition
temperatures and the extent of the thermal expansion (dam-
age) may then be correlated to the thermal maturity and the
crosslink density of the organic domains. An exemplary
general procedure for data collection and analysis by apply-
ing nano’TA mode on source rocks 1s provided 1n FIG. 1.

Thermal conductivity may be what affects the measured
voltage change across the tip resistor (for example, printed
metal circuit) 1n the AFM instrument 1n the SThM mode.
Variations 1n that voltage diflerence may map on a single
sample and may be related to differences in the thermal
conductivity of different components. The measuring of
thermal conductivity may be labeled as an indirectly mea-
suring the thermal conductivity or as determining the ther-
mal conductivity. A calibration curve may be employed to
convert the measured voltage change to thermal conductiv-
ty.

In 1implementations of AFM SThM and AFM nanoTA, a
voltage may be applied across a metal printed circuit on the
cantilever to heat the tip portion at the end of the cantilever.
The applied voltage may be utilized to set, maintain, regu-
late, or ramp the temperature at the end of the tip. A trace
voltage may be applied when (as 1n cases of SThM) the
desired tip temperature 1s at or near room temperature.

In some cases with the tip 1s at temperature equilibrium,
the voltage difference (AV) may be zeroed (for example, the
actual non-zero AV assigned a zero value). The step to zero
the system 1s most commonly done when the tip 1s far (for
example, at least one millimeter) from the surface to correct
for the ambient thermal losses.

In some implementations of SThM, a voltage may be
applied across the metal printed circuit to maintain the tip at
a constant set-point temperature. Prior to interaction of the
tip with the mounted sample, the voltage diflerence across
the metal printed circuit to maintain the tip at set-point
temperature may be measured. Then, when the tip interacts
with the sample and with heat transfer between the tip and
sample, the voltage difference across the metal printed
circuit to maintain the tip at set-point temperature will
change because of the heat transfer. The voltage diflerence
may be affected with heat transter from the tip to the sample
or from the sample to the tip.
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In SThM, when the tip 1s 1n contact with a source-rock
sample mounted 1in the AFM device, the voltage difference
may change. The change may be due, for example, to heat
leaving the tip (heat transfer from the tip to the sample) and
the associated change in the resistance across the printed
circuit to maintain the tip temperature at set point. The
measured voltage diflerence may be converted to a value for
thermal conductivity of the source-rock sample based on the
alforementioned calibration curve. The conversion of the
measured voltage difference to a value for thermal conduc-
tivity may be performed manually by a user. The conversion
may be automated by a computing system associated with or
coupled to the AFM device or automated by the AFM
device. The computing system or the AFM device may store
the calibration curve (or associated calibration equations).

In nanoTA mode, the cantilever detlection may be mea-
sured and related to material properties, such as thermal
expansion, transition temperature, and crosslink density.
These material properties can be linked to organic material
type and maturity. Thermal expansion may be the tendency
of matter to change 1ts shape, area, and volume 1n response
to a change 1n temperature.

FIG. 1 1s a method 100 of nanothermal analysis of source
rocks. The method 100 includes data collection and analysis
employing an AFM instrument 1n nanoTA mode on source
rocks. For nanoTA, the AFM instrument (system) includes a
temperature controller such as a thermal applications con-
troller (TAC). The temperature controller and a heating
clement (for example, a printed metal circuit on a probe tip)
may heat and control the temperature of the AFM 1nstrument
probe (cantilever) tip. In nanoTA, heat 1s transferred from
the probe tip to the mounted source-rock sample.

The method 100 can repeat the depicted actions (block
102 to block 126) for several samples of source rock to
correlate differences 1n thermal maturnity, organic matter
type, and crosslink density. The method 100 1s a nanother-
mal analysis (nanoTA) procedure for source rocks of a
geological formation such a shale formation.

At block 102, the method includes collecting a sample of
source rock from the reservoir. The reservoir 1s the geologi-
cal formation. The reservoir source rock can be an uncon-
ventional source-rock formation with organic matter includ-
ing kerogen, bitumen, and pyrobitumen.

At block 104, the method includes preparing the source-
rock sample for analyses. For instance, the source-rock
sample may be cut to millimeter (mm) dimensions and then
mounted to an AFM sample holder. In certain implementa-
tions, the source-rock sample 1s cut to generally a cuboid
shape (for example, FIG. 4) and with length, width, and
height each a few millimeters or centimeters (cm). The
length and width can each be, for example 1n the range of 1
mm to 80 mm, 3 mm to 60 mm, or S mm to 40 mm. The
height can be, for example, 1n the range of 0.5 mm to 20 mm,
] mm to 15 mm, or 1 mm to 10 mm. Instead of cuboid, the
sample may be prepared generally cylindrical having a
diameter and thickness (height) each a few millimeters (for
example, less than 50 mm). The sample may also be
prepared as an irregular shape but with a surface available
for analysis.

At block 106, the mounted cut sample 1s further prepared
by polishing to remove surface roughness. For instance, a
surface (for example, top surface) of the mounted cut sample
may be polished to reduce the surface roughness to nano-
meters or micrometers. In implementations, the specified
surface roughness for the polished surface 1s less than 15
wm, or i1n the ranges o1 0.5 nm to 15 um, 1 nm to 13 um, or
1.5 nm to 10 um. In certain embodiments, the sample surface
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may be polished mechanically and then finely polished via
ion milling such as with an argon 1on mill. Imaging and the
AFM nanoTA mode may be performed on the polished
surface.

At block 108, the method includes calibrating the AFM

instrument. In particular, the method may include calibrating
the sensitivity, spring constant, and thermal circuit of the
AFM cantilever. Also, the diameter of the cantilever tip may
be measured. The tip diameter may be measured because the
tip diameter may partially control the contact area on the
sample during analysis of the sample. The contact area may
also be partially controlled by the sample surface. Over time
in utilization of the AFM 1nstrument, the cantilever tip may
wear, which changes the contact area. Tracking the tip
diameter can account for data eflects caused by the changing
contact. Tracking tip diameter may be typical for quantita-
tive AFM measurements.
AFM gives nanoscale characterization by sensing detlec-
tion of the cantilever as aflected by interactions of the tip
with the sample surface. The AFM probe 1s the cantilever of
measurable spring constant with the pointed tip having a
radius, for example, 1n the range of 5 nanometers (nm) to
100 nm. The AFM cantilever may be, for example, a
micro-machined silicon probe.

At block 110, the method includes generating a calibra-
tion curve with standards having known transition tempera-
tures. The standards may be bulk materials of known ther-
mal properties. Standards may be selected to generally
represent the components in the source-rock samples. The
standards may be prepared and mounted i1n the same or
similar manner as the source-rock samples or can be fitted
into a single respective holder as a mounted material. The
generated calibration curve may be the measured AFM
cantilever deflection or response versus the known transition
temperature ol interest or known crosslink density. The
transition temperature may be the glass transition tempera-
ture (Tg) or melting point (Tm).

The generated calibration curve(s) may be employed 1n
the AFM analysis of the source-rock samples. The response
(cantilever detlection) of the AFM device to the organic
domains 1n the source rock sample may be measured and the
transition or alteration temperatures may be measured. By
comparing this collected data of the actual source-rock
sample to the calibration curve (the calibration set), poly-
meric or crosslinking states of the actual source-rock sample
can be deduced or determined. The alteration temperature
may be the temperature at the onset of damage (for example,
burned or formation of ridges) on the sample.

At block 112, the method includes 1dentifying a region of
interest of the source-rock sample utilizing techniques, such
as a retlected-light optical image, scanning electron micros-
copy (SEM), energy dispersive spectroscopy (EDS), fluo-
rescence, AFM-infrared red (IR), or Founier-transtorm infra-
red spectroscopy (FTIR). In one implementation, the region
of interest 1s identified based on a reflected-light optical
1mage.

The method includes determining a material property of
organic domains of the region via the AFM mstrument 1n
nanothermal analysis (nanoTA) mode utilizing a reflected-
light optical image or other techniques, such as SEM, EDS,
AFM-IR, or FTIR. A microscope of the AFM 1nstrument
may capture the optical image. The region of interest may
include organic compounds. The region of interest may
include an itertwined structure of organic compounds and
inorganic compounds. The evaluation of the optical image to
identily a region of interest may consider shading in the
reflected light 1mages to select a region of interest having
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organic compounds. The organic domains may appear as a
darker gray area that 1s amorphous. The gray color may vary
depending on the samples, lighting, microscope, camera,
and magnification but 1s generally distinguishable from
other components. If desired to analyze organic domains, the
subsequent selection of measurement areas within the region
of interest may include selecting a measurement area having
organic domains.

At block 114, the method includes acquiring a topography
map of a micrometer (um) region at nanometer resolution.
The region may be the region of interest identified 1n block
112. The optical image may be used to i1dentily the area to
collect the topography map. The topography map may be,
for example, of a region of 1 um to 500 um by 1 um to 500
um and at a resolution of 1 nm to 500 nm by 1 nm by 500
nm. The topographical map may be an image giving dimen-
sions such as feature heights or elevations. The topographi-
cal 1mage may have same resolution as the other AFM
properties and in the same region as the AFM analysis. The
topography map may be acquired via the AFM probe
(cantilever). The topography map may be captured wvia
contact, intermittent tapping, or tapping AFM modes where
the AFM tip moves along or above the sample surface.

At block 116, the method includes i1dentifying organic
domains and selecting measurement points. The measure-
ment points may be selected by a user. The organic domains
identified and measurement points selected may be in the
topographical map acquired 1n block 114 and 1n the region
ol interest of the sample as chosen 1n block 112.

At block 118, the method includes collecting nanoTA data
at each selected measurement point over a temperature
ramp, for example, from room temperature to the maximum
available temperature. In 1implementations, the maximum
available temperature may be 500° C. The maximum avail-
able temperature may be less than or more than 500° C. In
nanoTA as an AFM mode of operation, the AFM tip 1s placed
in contact with the sample surface and the tip temperature 1s
ramped as the deflection of the cantilever 1s recorded at the
preselected positions on the sample. The preselected posi-
tions include the measurement points selected by the user in
block 116.

At block 120, the method includes utilizing temperature-
vs-deflection data at each selected point to determine mate-
rial differences 1n the organic domains. The temperature-vs-
deflection data 1s nanoTA data collected 1n block 118.
Employing nanoTA for source-rock samples provides an
unconventional examination of properties ol the organic
components intertwined with 1norganic components. The
cantilever deflection versus temperature may be interpreted
to distinguish components (for example, bitumen, kerogen,
and pyrobitumen) of the organic matter at the submicron
scale. The nanoTA data (block 118) and temperature-vs-
deflection data (block 120) can be linked to the mineralogy
and lithology as measured by other spectral techniques, such
as energy dispersive spectroscopy (EDS) and scanning elec-
tron microscopy (SEM).

At block 122, the method includes checking the tip
diameter. The diameter of the AFM cantilever tip may be
measured to determine the change (1f any) 1n tip diameter as
compared to the value of tip diameter measured in block
108. The tip diameter may change because of damage to the
tip or because of tip contamination that may aflect tip sample
contact.

At block 124, the method includes acquiring a topography
map of a micrometer region at nanometer resolution. The
acquisition of the topography map may be the same as the
acquisition described at block 114. A reason to acquire this
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subsequent (second) topography map i1s to evaluate the
impact of the thermal damage both laterally and vertically.

At block 126, the method includes measuring the height,
indention, and lateral extent of the thermal damage. These
measurements are made by using the topography map and
image processing tools.

Lastly, the foregoing actions 1n block 102 through block
126 may be repeated for several samples of source rock to
correlate changes in the extent of damage to differences 1n
thermal maturity, organic matter type, and crosslink density.

In the SThM mode of operation, there are at least two
methods (FIG. 2 and FIG. 3, respectively) to measure
thermal conductivity. In the first method, heat transfer may
occur from the AFM cantilever tip to the mounted sample.
In the second method, the mounted sample 1s heated and
heat transifer may occur from the mounted sample to the
AFM cantilever tip. The vanation between the two methods
may be related to different aspects of the source rock.

The first method (FIG. 2) includes thermal conductivity
measurements performed through the nanofabricated AFM
tip. The tip may be held at a constant temperature while the
sample 1s scanned. Additional scans can be performed at
additional tip temperatures given by changing the applied
voltage difference across the heating-element metal film or
printed circuit on the cantilever tip portion.

In the first method, the AFM tip 1s rastered along the
surface of the source-rock sample while a constant voltage
1s applied to the tip (for example, applied to the tip heating
clement). When the tip 1s away from the source rock, the
voltage diflerence 1n the circuit to maintain the temperature
set-point of the tip 1s related to heat loss due to ambient
conditions. The voltage diflerence when away from the
surface 1s commonly set to zero by adjusting the reference
voltage prior to contact with this sample. This may be usetul
for quantitative analyses but can be optional. Assuming that
the sample 1s cooler than the tip, the heat will flow from the
tip to the sample. In this case, the resistance across the
circuit printed on the cantilever changes and difference in the
applied voltage (for example, to maintain the tip at a set
point temperature) 1s measured. The more thermally con-
ductive the nanoscale component (in the sample), the more
heat flows from the tip. The voltage difference i1s propor-
tionally large (imore negative) and the pixel 1s dark. When a
domain has low thermal conductivity, less heat flows from
the tip and the diflerence 1s proportionally lower (less
negative) and the area 1s bright.

In this first method, the thermal conductivity may be
measured at each position (for example, on the order at tens
ol nanometers) 1n one orientation of the sample relative to
the AFM tip. To study anisotropy, additional samples from
the same source rock may be mounted in different orienta-
ions relative to the AFM tip and the thermal conductivity
additionally measured at each position along the sample as
the AFM tip 1s rastered along the sample surface. The actual
temperature of the cantilever tip portion may be ramped to
the set point temperature. The tip temperature may set to a
specified temperature by setting the applied voltage or
voltage diflerence across a heating element (for example,
printed metal circuit) on the tip portion of the AFM canti-
lever. An implementation of this first method utilizing SThM
for source-rock analysis 1s presented 1n FIG. 2.

FIG. 2 1s a method 200 of scanning thermal microscopy
of source rocks. The method 200 includes the aforemen-
tioned first method utilizing SThM for source-rock analysis.
The method 200 1s a scanning thermal microscopy proce-
dure (first method) for source-rock analysis where the AFM
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The method determines thermal conductivity of minerals
and organic domains found 1n the source rock. The method
may link changes in the thermal conductivity to differences
in the domain size, neighboring components, orientation,
and thermal maturity.

At block 202, the method includes collecting a rock
sample from the geological formation reservoir. The rock
sample 1mcludes organic components and 1norganic compo-
nents.

At block 204, the method includes shaping (cutting) the
source-rock sample to millimeter (mm) dimensions. The
source-rock sample may be cut to generally a cuboid shape
(for example, FIG. 4) with length, width, and height each a
tew millimeters or centimeters (cm). The length and width
can each be, for example 1n the range of 1 mm to 80 mm, 3
mm to 60 mm, or 5 mm to 40 mm. The height can be, for
example, 1 the range of 0.5 mm to 20 mm, 1 mm to 15 mm,
or 1 mm to 10 mm. Instead of cuboid, the sample may be
prepared generally cylindrical having a diameter and thick-
ness each a few millimeters. The sample may also be
prepared as an irregular shape but with a surface available
for analysis.

The shaped sample may be mounted to an AFM sample
holder. The sample may be mounted with a specific orien-
tation relative to bedding 1n the sample. Source rock samples
can be layered giving “bedding” due to the burial process.
The orientation of these layers can aflect the AFM device
measurement. With samples as layered (bedded), measure-
ments may be made parallel and perpendicular to bedding.

At block 206, the method includes polishing the sample to
decrease surface roughness. A sample surface may be pol-
ished mechanically and then finely polished via 1on milling
such as with an argon 10n mill. The sample surface may be
polished to reduce the surface roughness to less than 15 um,
or in the ranges of 1 nm to 15 um, 1 nm to 13 um, or 1 nm
to 10 um. In some implementations, 1maging and the AFM
SThM mode may be performed on the polished surface.

At block 208, the method includes calibrating the sensi-
tivity, spring constant, and thermal circuit of the AFM
cantilever. The method includes measuring the radius or
diameter of the cantilever tip. In some implementations, the
AFM cantilever 1s a silicon probe. The cantilever may have
a metal film.

At block 210, the method includes creating a calibration
curve with standards having known thermal conductivities.
The standards may be material samples having known
thermal conductivity.

At block 212, the method includes 1dentifying a region of
interest of the source-rock sample mounted on the sample
holder. The region of interest may include organic com-
pounds. The region may be 1dentified as a region of interest
via analysis of the source-rock sample. The region of interest
of the source-rock sample may be identified via a retlected-
light optical image, SEM, EDS, fluorescence, AFM-IR, or
FTIR, or any combinations of these.

At block 214, the method includes selecting the set-point
voltage for the AFM thermal conductivity measurement.
The set-point voltage 1s linked to (correlative with) tem-
perature ol the AFM cantilever tip (tip portion).

At block 216, the method includes to null the electrical
circuit associated with the voltage. For instance, the method
includes measuring the heat tlow to the environment or to a
known standard material to zero the electrical circuit relative
to the environment or the standard.

The tip may be moved from the sample surface to null.
For heat flow to the environment as a reference, the method
may include positioming the AFM at least five millimeters
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(or at least one centimeter) from the source-rock sample. In
that case, the heat flow 1s from the tip to the environment of
the AFM mstrument and not to the source-rock sample. The
heat flow may be determined or measured by the change in
voltage diflerence across the tip heating element that main-
tamns the tip at constant temperature (at temperature set
point).

Heat may be energy with units of joules (J). Heat flow
may be heat per time, such as 1n joules per second (J/s) or
watts (W). Heat flux density may be the heat rate per umt
area such as in watts per square meter (W/m>).

At block 218, the method includes collecting SThM data
and topography for a region of the sample at nano-resolution
at a selected scan rate. The region may be the region of
interest identified 1 block 212. The region may be a
micro-region, for example, having a width 1n the range of 1
um to 500 um and a length in the range of 1 um to 500 um.
The nano-resolution at which the data 1s collected may be,
for example, at a resolution of 1 nm to 500 nm by 1 nm by
500 nm. In some implementations, the resolution 1s micro-
resolution in microns, such as 2 um to 5 um by 2 um to 5 um.

In SThM, the AFM cantilever (probe) tip 1s rastered (1n a
scan pattern) along the sample surface while the AFM
control loop for heating the tip measures the difference
between the mput voltage and the output voltage across the
tip heating element. When the cantilever tip comes in
contact with the sample 1n this first method of SThM, heat
flows from the cantilever tip to the sample and the voltage
difference 1s monitored. In implementations, the tip 1s not
typically ramped in temperature but can be set at diflerent
temperatures for a series of scans.

At block 220, the method includes repeating SThM and
topography scans at different scan rates i 3D eflects are
desired. The scan rate affects the contact time between the
sample and the tip. With increased scan rate (moving
slower), the measurement may generally be primarily
allected by shallow regions of the sample. At decreased scan
rate (moving slower), the deeper parts of the sample con-
tribute to the response.

At block 222, the method includes checking diameter of
the cantilever tip. The tip diameter or radius may be mea-
sured to determine i1 the tip diameter has changed due to
wear or contamination. Tracking the tip diameter can
account for the changing contact area on the sample due to
change 1n tip diameter.

At block 224, the method includes repeating data collec-
tion for a range of micrometer regions and pixel sizes to
cover domains of nanometer to millimeter sizes of the
sample. The data collection may mvolve SThM and topog-
raphy data. Diflerent pixel sizes (or resolutions) may take
the data from the measured tip region (for example, 10 nm
by 10 nm) to produce an image at either the tip size
resolution or lower resolution (up to several microns, such
as 5 or 10 microns). The measurement may be converted to
pixels as part of the technique. The number of pixels can be
user selected and set independent of the scan lateral size. The
number of pixels 1n a data set may be mode-specific. In some
cases, the tip 1s constantly in contact with the sample and
could be collecting more information than i1s converted to a
pixel in the image. In other modes, the tip contacts the
sample intermittently. In those modes, the regions in the tip
deflection versus vertical distance may analyzed to obtain
data for the images.

At block 226, the method includes repeating the process
with samples mounted 1n varying orientations relative to
bedding. The thermal conductivity may be measured at each
position (for example, on the order at tens of nanometers) in
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one orientation of the sample relative to the AFM tip. To
study anisotropy, additional samples from the same source
rock may be mounted 1n different orientations relative to the
AFM tip and the thermal conductivity additionally measured
at each position along the sample as the AFM tip 1s rastered
along the sample surface.

Additional source-rock samples may be collected, as 1n
block 202. The method may include dismounting the 1nitial
source-rock sample. The additional source-rock samples
may be cut to size and mounted to the AFM sample holder,
as 1n block 204. The samples may be mounted sequentially
with altered orientations relative to bedding of the sample.
For each sample mounted, the actions of block 206 through
block 224 may be repeated. The thermal conductivity of
minerals and organic domains found in the source rock may
be determined. Changes 1n the thermal conductivity may be
linked to differences in the domain size, neighboring com-
ponents, orientation, and thermal maturity.

In the second method (mentioned previously) of the
SThM mode of operation, the AFM tip (coupled to the heat
flow loop) can be maintained at a constant temperature. The
constant temperature can be, for example, room tempera-
ture, ambient temperature, at least 25° C., at least 100° C.,
or up to the maximum heating temperature of the heating
stage. The mounted source-rock sample 1s heated by a
heating stage from the bottom of the sample. The AFM
heating stage may be the AFM sample holder as a heater.
The AFM heating stage may be a heating plate under the
AFM sample holder. In implementations, the heating plate
may be magnetized to hold the sample holder. In other
implementations, the heating plate may have a recess to
receive the sample holder provided generally that the recess
not extend above the sample surface or interfere with the
cantilever motion.

The heat that 1s transmitted through the mounted source-
rock sample can then be detected by the AFM probe (can-
tilever) tip as a positive change in the voltage difference.
This 1s different from the nanoTA mode and the aforemen-
tioned first method of the SThM mode because heat 1n the
second method 1s supplied from the bottom of the sample.

In this second method of the SThM mode, the sample can
be mounted 1n various orientations and on the heating stage.
The temperature of the heating stage i1s set to change at a
known rate as the sample 1s continuously scanned. In this
case, the region of interest should be small enough that the
time for the scan to complete 1s faster than for the tempera-
ture at the interrogated side of the sample to equilibrate. By
scanning the sample, the SThM data collected indicates the
time taken for heat transfer through the sample to be
measured by the AFM cantilever. This SThM data can be
linked to the mineralogy and lithology as measured by other
spectral techmques, such EDS and SEM. An exemplary
procedure for the second method utilizing SThM for source-
rock analysis 1s given in FIG. 3.

FIG. 3 1s a method 300 of scanning thermal microscopy
of source rocks. The method 300 includes the previously-
discussed second method utilizing SThM for source-rock
analysis. The method 300 includes a SThM procedure for
source-rock analysis where the cantilever tip 1s a detection
component but the heat 1s supplied from a controlled pro-
grammable heating stage. The method 300 1nvolves detec-
tion with the AFM cantilever tip and heating through the
mounted sample.

The method may determine thermal conductivity of the
minerals and organic domains found in the source rock
based upon how heat travels through the sample. The
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determined thermal conductivity may be linked to difler-
ences 1 3D nanoscale variations in mineralogy, lithology,
and organic content.

At block 302, the method includes collecting a rock
sample from the geological formation reservoir. At block
304, the method includes shaping (cutting) the source-rock
sample to millimeter dimensions, as previously discussed.
The cut sample may be mounted to the AFM sample holder
with a specific orientation relative to bedding in the sample.
At block 306, the method includes polishing the sample to
decrease surface roughness, as discussed.

At block 308, the method may include calibrating the
AFM 1nstrument. For example, the method may include
calibrating a sensitivity of the AFM instrument, a spring
constant of the AFM 1nstrument, and a thermal circuit of a
cantilever of the AFM instrument. The method includes
measuring the diameter of the cantilever tip.

At block 310, the method includes creating a calibration
curve with standards having known thermal conductivities.
Calibration curves may be generated, for example, by mea-
suring the change 1n voltage difference across the heating
clement on the AFM instrument cantilever tip when the tip
interacts with the standards subjected to AFM thermal
analysis via the AFM instrument. The calibration curve may
also mclude measuring the known standards at the planned
heating stage temperatures. There may be a different cali-
bration curve for each standard at each planned experimental
temperature.

At block 312, the method 1ncludes 1dentitying a region of
interest ol the sample by analysis of the sample (for
example, as mounted). The analysis may be via a reflected-
light optical image, SEM, EDS, fluorescence, AFM-IR, or
FTIR, or any combinations of these. In some implementa-
tions, an optical microscope of the AFM 1nstrument may be
employed to capture a reflected-light optical 1mage of the
sample.

At block 314, the method includes selecting the set-point
voltage. The set-point voltage 1s linked to temperature. The
set-point voltage may be selected to maintain the AFM tip at
room temperature.

At block 316, the method includes zeroing the AFM tip
heating circuit by measuring the heat tlow from the AFM tip
to the environment or to a reference material. The method
may include measuring the heat flow to the environment
with the AFM tip away from the mounted sample. For
zeroing to the environment, the AFM tip may be maintained,
for example, at least 1 mm distance from the mounted
sample.

At block 318, the method includes setting the heat stage
temperature and ramp parameters for heating the mounted
sample. In some implementations, a set point for the heating
stage temperature may be entered. The set point may be the
desired temperature. The AFM 1nstrument may display the
actual temperature as the actual temperature increases to the
set point temperature. The ramp parameters may include the
rate of temperature increase per time, the amount of tem-
perature 1increase per increment, and the amount of time per
increment.

The heating stage temperature may generally be indepen-
dent of the tip temperature. As indicated, the heating stage
1s heating the sample from the bottom while the tip may be
held at a constant temperature (for example, voltage set
point). The heating stage temperature can be changed while
the tip temperature 1s held constant. The changing of heating
stage temperature can be repeated at different tip tempera-
tures 11 desired.
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At block 320, the method includes collecting (for
example, continuously) SThM data and topography for a
selection region of the sample throughout the heating ramp.
The resolution may be microscale or nanoscale. At block
322, the method includes checking tip diameter.

At block 324, the method may include employing EDS
and 3D 1maging to identily chemical components spatially.
The chemical components may include organics. The
organic and inorganic components may be identified spa-
tially.

At block 326, the method includes repeating the process
with samples mounted in varying orientations relative to
bedding. Additional source-rock samples may be collected,
as 1n block 302. The additional source-rock samples may be
cut to size and mounted to the AFM sample holder, as 1n
block 304. The samples may be mounted sequentially with
altered orientations relative to bedding of the sample. For
cach sample mounted, the actions of block 306 through
block 324 may be repeated. The thermal conductivity of the
minerals and organic domains in the source rock may be
determined based upon how heat travels through the sample

and linked to nanoscale variations in mineralogy, lithology,
and organic content.

EXAMPLES
The Examples are only given as examples and not meant
to limit the present techniques. The Examples include
Example 1 and Example 2. Each of the three source-rock
samples was prepared for AFM measurements. Each sample
was cut to desired dimension. The cut sample was mounted
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1, 2, and 3, as indicated by reference numeral 502. The table
gives values 504 1 weight percent for the chemical com-
ponents 306.

Rock-Eval® pyrolysis was utilized to determine the
welght percent of organic matter and the thermal maturity
(Table 1). Rock-Eval® pyrolysis may be performed to
interpret thermal maturity or other properties. Rock-Eval®
pyrolysis was developed by Institut Francais du Petrole
(IFP) (French Institute of Petroleum) based at Rueil-Mal-
maison, France. In such a pyrolysis analysis, a rock sample
undergoes increasing temperature in an inert atmosphere
where three peaks of released hydrocarbons can be mea-
sured. The first peak (S1) represents the volatilization of any
previously generated hydrocarbons present in the rock,
grven that the rock has reached thermal maturity. The second
peak (S2) indicates the thermal degradation of any remain-
ing organic material into hydrocarbons. The final peak (S3)
1s any organic CO, present 1n the rock. The temperature at
which the S2 peak occurs may be an approximation of the
thermal maturity of the rock. In addition to thermal matu-
ration, pyrolysis peaks S1, S2, and S3 vield information
about the type of organic material present in the rock.

In the Examples, crushed rock samples of about 60
milligrams (mg) each were subjected to a programmed
temperature ramp where the organic matter thermally
decomposed over time and the resulting by-products of this
decomposition were measured via a flame 1oni1zation detec-
tor. During the pyrolysis analysis, a maximum temperature
(IT'max) of complete combustion was reached and a pyro-
gram produced that recorded the hydrocarbon generative
potential of the kerogen. The Tmax and the pyrogram can be
utilized to define the maturity.

TABLE 1

Maturity and TOC data for each shale sample

Shale S1
Sample (mg/g)
1 0.01
2 2.18
3 1.21

to a magnetic metal stub of an AFM sample holder and then
polished to reduce the surface roughness.

FIG. 4 1s a general representation 400 of a prepared
source-rock sample 402 for AFM testing as 1n the Examples.
The top surtace 1s polished. In the depicted implementation,
the sample 402 1s fixed to a sample holder 404. The sample
402 has a thickness 406. In some instances, a silver paste
408 may be deposited in selected locations around the
perimeter ol the sample to {facilitate optional electrical
measurements.

The three source-rock samples were from a shale forma-
tion having kerogen. Mineralogy for each sample was deter-
mined by performing powder x-ray diflraction (XRD) (see
FIG. 5) on a Bruker D8 Advance Eco powder diflractometer
(available from Bruker Corporation) and analyzing the dif-
fraction peaks using Rietveld refinement. The Bruker Cor-
poration headquarters 1s 1n Billerica, Mass., USA. Rietveld
refinement characterizes crystalline materials 1n that neutron
and x-ray diflraction of powder samples results 1n a pattern
characterized by reflections (peaks in intensity) at certain
positions. The mineralogy of each sample 1s shown 1n FIG.
5 (Table 500).

FIG. 5 1s Table 3500 giving mineralogy for each shale
sample. The three shale samples are labeled as shale samples
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S2 S3 Tmax TOC
(mg/g) (mg/g) PI (°C.) (wt%) HI Ol H/C Maturity
0.03 0.15 0.13 608 1.63 2 0 Post
27.76 0.07 0.07 420 6.46 430 7 1.250 Immature
1.93 0.39 0.39 452 3.87 50 7 0.645 Late

In Table 1, the three shale samples are labeled as shale
samples 1, 2, and 3. Table 1 gives total organic content
(TOC) 1 weight percent. Other properties 1n Table 1 are Sl
(milligram per gram or mg/g), S2 (mg/g), S3 1 (mg/g),
(productivity index), Tmax (° C.), HI (hydrogen index), OI
(oxygen 1index), and H/C (hydrogen to carbon ratio). S1, S2,
and S3 are pyrolysis peaks. S1 1s free hydrocarbons present
in the sample before the analysis. S2 1s the amount of

hydrocarbons that formed during thermal pyrolysis of the
sample (utilized to estimate the remaining hydrocarbon-
generating potential of the sample). S3 1s the CO, yield
during thermal breakdown of kerogen.

The data provided 1n Table 500 (FIG. 5) and Table 1 are
measured using common bulk methodologies where
samples are crushed to perform the analyses. The common
bulk methodologies did not provide spatial information
about how the tabulated properties vary in intact rock.

While Rock-Eval® pyrolysis was employed in the
Examples, present embodiments are not limited to Rock-
Eval® pyrolysis. Other pyrolysis techniques and pyrolysis
instruments are applicable. In general, a bulk pyrolysis
instrument for analyzing source rock may be employed. The
bulk pyrolysis instrument may include, for example, a
Rock-Eval® pyrolysis instrument, the HAWK Pyrolysis
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Instrument from Wildcat Technologies (headquarters in
Humble, Tex., USA), or the Source Rock Analyzer (SRA)
from Weatherford International plc (headquarters in Baar,
Switzerland).

Nanoscale thermal conductivity and nanoscale local ther-
mal analysis were performed with a Bruker Dimension Icon
AFM mstrument using the Scanning Thermal Microscopy
(SThM) and Nano Thermal Analysis (nanoTA) modules.
The following examples demonstrate the application of
SThM (Example 1) and nanoTA (Example 2) for source-
rock samples.

Example 1

Shale Samples 1 and Sample 2 each of approximate
dimensions 10 mmx10 mmx2 mm (see FIG. 4 for general
representation) were oriented parallel to bedding. The
Samples 1 and 2 were polished to nanometer smoothness
employing Argon 1on milling. AFM 1maging and analysis
were applied to the Samples 1 and 2. FIG. 6 gives images
associated with SThM of source-rock Samples 1 and 2
showing topography or height (left), feedback response
(center), and thermal response (right) for the two samples of
different thermal maturity and mineralogy. Data demonstrate
the ability to map difference in thermal conductivity (related
to thermal response) for source rocks at the nanometer scale
and demonstrate relative differences between samples.

FIG. 6 1s images 600 associated with the analyses of
Samples 1 and 2. Topography (height) image maps 602 on
the left, feedback-response 1image maps 604 in the center,
and thermal-response 1mage maps 606 (right) are given for
Sample 1 (608) and Sample 2 (610), respectively. The
shading of the elevation or height legend 612 represents
nanometers (nm). The shading of the feedback-response
legend 614 represents millivolts (mV). The shading of the
thermal-response legend 616 also represents mV.

Thus, FIG. 6 shows topography (600 leit), feedback loop
error (604 center), and thermal response (606 right) for each
sample. The topography and feedback response data were
flattened to remove sample tilt, detector variation, etc. and
cach type rescaled to the same scale for Example 1. Sample
1 data 1s a 10 umx10 um area scanned at 512x256 pixels
providing a per pixel resolution of 20 nmx40 nm. The
topography maps (with bright areas elevated and dark areas
receded) of both Sample 1 and Sample 2 show a wavy
texture indicative of the 1on milling process but in general
the two samples appear to be similar from the topography
alone. The feedback loop error (or feedback response)
incorporates the topography and mechanical response varia-
tion to provide qualitative comparisons between domains.
The thermal response 1s related to the thermal conductivity
of the matenals.

Where the thermal response image shows a bright area
(less negative), the voltage difference was lower meaning
that the component of the source rock at that 20 nmx40 nm
location drew less heat from the AFM tip and has low
thermal conductivity. Areas that are dark had the opposite
cllect where less heat supplied by the AFM tip was drawn by
the sample. In this way, the dark pixels are more thermally
conductive than the light pixels.

The thermal response data shown 1n FIG. 6 1s greater than
130,000 pixel measurements in each data set and provide a
map of the thermal conductivity. The data provide the ability
to observe the differences in thermal conductivity versus
spatial and textural variations in the shale sample. When
mineralogy maps are provided from EDS, these data can
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then be directly correlated to the minerals and organic
components present at a resolution that 1s not possible by

other techmiques.

In addition to comparing nanoscale variations within one
sample, response can be compared between samples. When
comparing the thermal response (linked to thermal conduc-
tivity) of Sample 1 to Sample 2, Sample 1 appears to be
more thermally conductive than Sample 2 (Sample 1 1s more
negative than Sample 2). In addition, with calibration,
differences can be compared between the organic or clay
domains as a function of thermal maturity. Sample 1 1s post
mature and Sample 2 1s immature (see Table 1) and the
organic domains 1n Sample 1 appear to be more thermally
conductive than in Sample 2. This might indicate changes 1n
the molecular structure with maturation.

Example 2

Shale Samples 2 and 3 each having approximate dimen-
sions of 10 mmx10 mmx2 mm (see FIG. 4 for general
representation) were oriented parallel to bedding and pol-
ished to nanometer smoothness using Argon 1on milling.
FIG. 7 depicts results of nanoTA of source-rocks Samples 2
and 3 showing topography and height before and after
heating (top) and deflection versus temperature data col-
lected during the heating cycle (bottom). The data demon-
strate the ability to measure the thermal expansion and
permanent damage due to heating the sample at the
nanoscale to micron scale. The behavior can be compared to
thermal maturity.

FIG. 7 are illustrations 700 depicting results of the
nanoTA analysis of Sample 2 and Sample 3 in Example 2.
Image 702 1s topography of Sample 2 before the nanoTA
analysis (measurement). The image 702 was used to select
areas to be measured for thermal response. Image 704 is
topography of Sample 2 after the nanoTA analysis. Selected
positions 705 for measurement have a deformation remain-
ing aiter the measurement.

Image 706 1s topography of Sample 3 before the nanoTA
analysis (measurement). The image 706 was used to select
arcas (positions, points) to be measured for thermal
response. Image 708 1s topography of Sample 2 after the
nanoTA analysis. Selected positions 709 for measurement
have a deformation remaining after the measurement.

Plot 710 1s AFM tip Vdel (nm) 712 versus tip temperature
(° C.) 714 for Sample 2. Vdet 712 1s the AFN device tip
deflection 1n nanometers. The four curves 716 are for the
four selected positions 705, respectively, as shown 1n 1image
704. Plot 718 1s AFM tip detlection (nm) 712 versus tip
temperature (° C.) 714 for Sample 3. The four curves 720 are
for the four selected positions 708, respectively, as shown 1n
image 708. Plot 722 1s also AFM tip detlection (nm) 712
versus tip temperature (° C.) 714. The curve 717 1s the
average of the four curves 716 (for Sample 2) from plot 710.
The curve 721 1s the average of the four curves 720 (for
Sample 3) from plot 718.

FIG. 7 shows topography before and after nanoTA data
was collected for preselected positions 1n the organic matter
in Sample 2 (left) (702, 704) and Sample 3 (right) (706,
708). Prior to the nanoTA measurement the topography
(before) (1images 702, 706) was used to select areas to be
measured for thermal response. The after images 704, 708
show the permanent deformation (at 705, 709) remaining
alter the measurement at the locations measured. With
calibration, the shape of these areas may provide informa-
tion about the thermal response of the organic domains

tested 1n this Example 2. The data plots 710, 718, 722 at the
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bottom portion of FIG. 7 show the deflection 712 versus tip
temperature 714 for the selected positions of measurement.
The left plot 710 1s the four response curves 716 for the four
selected positions 705, respectively, of Sample 2. The center
plot 718 1s the four response curves 720 for the four selected
positions 709, respectively, of Sample 3. The plot 722 to the
right shows a single curve 717 for the average response for
Sample 2 and a single curve 721 for the average response for
Sample 3.

These data indicate the thermal response of the sample
during the thermal ramp and show that the less mature
sample (Sample 2) expanded more than the more mature
sample (Sample 3). The after images 704, 708 were col-
lected after the heat element was removed from the sample.
The raised edges surrounding the heat spot are less raised for
Sample 2 than for Sample 3. This may indicate that the
response of Sample 2 1s more reversible than that of Sample
3, which may be because of (or linked to) thermal maturity
and crosslink density.

To 1illustrate how thermal conductivity measurements
using AFM can aid 1 source-rock studies, SEM images of
a source-rock (shale) sample are shown in FIG. 8. FIG. 8
gives an SEM 1mage 802 of source-rock shale captured (a)
betore oxidative tluid treatment. The SEM image 804 is the
source-rock shale (b) after oxidative fluid treatment. The
insets to the right are enlarged 1images of the areas 806, 808
circled within 1mage 802 which 1s before oxidative fluid
treatment.

Thus, FIG. 8 1s SEM 1mages 800 of a source-rock sample.
The source-rock sample was cut to mm dimensions,
mechanically polished, and imaged via SEM. The SEM
image 802 1s an area ol the sample where two veins of
organic matter run horizontally across the sample. Areas
806, 808 of the sample are enlarged to show developed
porosity (upper vein) and no visible pores (lower vein). Due
to the resolution of the SEM (greater than 10 nm), it 1s
possible that pores are also developed in the lower vein of
kerogen though their size 1s less than 10 nm. Scanming
thermal AFM measurements may provide insight into
whether pores are present in this region of the lower vein.
Further, nanothermal AFM measurements may indicate
whether these organic domains contain only kerogen or also
contain bitumen or pyrobitumen.

The sample was subjected to oxidative treatment and then
reimaged 1n the same area via SEM as shown in SEM 1mage
804. The entire upper vein of organic matter was removed
from the source rock. A majority of the lower vein remained.
The less reactivity exhibited by the lower vein may be the
result of bitumen or pyrobitumen, or both. Alternatively, this
less reactivity may be related to the less surface area of the
substrate 1n contact with the fluud due to lack of pore
development. By capturing thermal conductivity informa-
tion from AFM and linking such data to the chemical and
physical structure of the organic matter, a better assessment
of the flmd effects and potential effectiveness in the field can
be performed.

Present embodiments are a method to measure thermal
conductivity and material transitions at resolution less than
100 nm per pixel and map these properties in source rock
and shale. This includes the ability to measure these prop-
erties for the individual morganic and organic components
of these materials in 1ntact rock which 1s not possible with
lower resolution techniques. Traditional techniques to mea-
sure thermal conductivity and transition temperatures on
geologic samples are bulk measurements and provide the
properties of the composite (not the individual components).
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Certain embodiments employ measurements of nanoscale
thermal conductivity and nanoscale thermal expansion to:
(1) distinguish kerogen, bitumen, and pyrobitumen; (2)
determine a correlation between thermal conductivity and
porosity 1 kerogen; (3) understand porosity development at
the nanoscale; (4) link nanoscale thermal alteration to poly-
meric properties of the organic domains; (5) observe thermal
conductivity versus grain size and rock texture (eflects of
scattering domains); and (6) determine relative diflerences
in thermal conductivity to distinguish less mature from more
mature source rocks. Some embodiments rely on thermal
conductivities captured by AFM methods to predict and
diagnose well performance. Such may include to: (1) under-
stand local heating effects of fracturing fluid or organic
matter and timescale for reaching activation temperature of
reactions; (2) utilize physical (porosity) or chemical (kero-
gen versus bitumen) information from thermal AFM to
understand reactivity of source-rock organic components
and predict or diagnose fracturing fluid stimulation treat-
ment; and (3) link thermal conductivity of source rock to
fracture propagation in the case where organic matter is
degraded on the timescale of the treatment. Embodiments
may consider the nanocomposite nature of kerogen-rich
source rocks, employ AFM to measure the eflects of orien-
tation, and capture differences in thermal conductivity for
amorphous versus ordered material. Some embodiments
may accommodate geochemical consideration, distinguish
diagenetic minerals from authigenic minerals, and apply to
basin modeling.

FIG. 9 1s a source-rock evaluation system 900 to analyze
a source-rock sample and correlate sample analyses to the
rock formation from which the source-rock sample was
collected. The rock formation may be a geological formation
characterized as an unconventional formation. The rock
formation may have hydrocarbons such as crude o1l and
natural gas. In some implementations, the rock formation 1s
a shale formation.

A sample preparation system 902 may receive source-
rock sample material collected from the rock formation. The
sample preparation system 902 may include tool(s) to cut or
otherwise shape the source-rock sample material into a
source-rock sample for analysis. The source-rock sample as
shaped or cut may be mounted to a sample holder of an AFM
instrument. In addition, the preparation system 902 may
include refining devices to polish one or more surfaces of the
source-rock sample. For instance, a mechanical polisher
may achieve gross or coarse polishing of the source-rock
sample surface. An 1on mill (for example, argon 1on mill)
may achieve fine polishing of the source-rock sample sur-
face. In particular implementations, the surface may be
polished to a specified surface roughness, such as 1n a range
of 1 nm (or less) to 13 um. In some implementations, a top
surface of the source-rock sample 1s polished for receipt of
(or interaction by) an AFM probe (cantilever) and for
imaging.

In the 1llustrated embodiment, the source-rock evaluation
system 900 may include a spectrometer 904 system to
analyze the source-rock sample including the prepared
source-rock sample. The spectrometer 904 system may
measure or 1dentify chemical components or constituents of
the source-rock sample, such as organic compounds (for
example, kerogen and bitumen) and mnorganic compounds
(for example, minerals, and clay). In certain implementa-
tions, the spectrometer 904 system 1s an EDS istrument
having circuitry (including a hardware processor and
memory) and a user-interface. In some 1implementations, the
spectrometer 904 may be at least one of an AFM-infrared red
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spectroscopy (AFM-IR) instrument, a micro-Fourier-trans-
form 1infrared spectroscopy (micro-FTIR) instrument, or a
fluorescence spectroscopy 1nstrument. Imaging of the
source-rock sample may be performed, for example, via a
microscope associated with or separate from the spectrom-
cter 904 system. Such microscopic 1maging may facilitate
identifying the chemical components spatially on the source-
rock sample including at the microscale or nanoscale.

The source-rock evaluation system 900 includes an AFM
instrument 906 (system) that may employ scanning micros-
copy to analyze the source-rock sample at the microscale or
nanoscale. In the Examples presented ecarlier, the AFM
instrument employed was Bruker Dimension Icon AFM
istrument using the SThM and nanoTA modules.

The AFM mstrument 906 employs scanning probe
microscopy that 1s atomic force microscopy. The AFM
instrument 906 takes measurements ol the source-rock
sample. The measurements may be thermal property mea-
surements, such as thermal conductivity or material transi-
tion temperature. The AFM instrument 906 may analyze and
image the polished surface of the source-rock sample pre-
pared for the AFM. The AFM instrument 906 may be
operated 1n nanoTA mode or SThM mode, as discussed
carlier. The AFM 1nstrument 906 may include circuitry 908
that provides for a user interface and for selection of
different operating modes of the AFM 1nstrument 906. In
certain embodiments, the AFM 1nstrument 906 may perform
microscopic 1maging on the source-rock sample at
microscale or nanoscale, such as on the polished surface of
the source-rock sample. In some embodiments, this imaging
(for example, optical imaging) may be performed contem-
porancous with the AFM instrument 906 measuring thermal
conductivity.

For nanoTA, the AFM instrument 906 includes a tem-
perature controller such as a thermal applications controller
(TAC). The temperature controller and a heating element
(for example, metal film or resister on cantilever tip portion)
may heat and control the temperature of the AFM 1nstrument
probe (cantilever) tip. The heating element may be a circuit
printed on the AFM cantilever that heats the tip, as with the
AFM device employed 1in the Examples.

In nanoTA, heat 1s transierred from the probe tip to the
mounted source-rock sample. In some approaches of SThM
as a mode of operation, the AFM cantilever tip 1s similarly
heated. The AFM tip 1s rastered along the sample surface
while an AFM control loop for heating the tip measures the
difference between the mput voltage and the output voltage
across the heating element. When the tip 1s away from the
sample, the voltage difference 1s related to heat loss due to
ambient conditions. When the tip comes in contact with the
sample, heat tlows from the tip to the sample and the voltage
difference 1s monitored.

Other approaches for the SThM mode mvolves detection
with the AFM cantilever tip and heating through the
mounted sample. The temperature of the AFM cantilever
temperature may be maintained constant, for example, at
room temperature. The temperature of the heating stage 1s
set to change at a known rate as the mounted source-rock
sample 1s scanned. The mounted source-rock sample heated
by a heating stage from the bottom of the sample. The AFM
heating stage may be the AFM sample holder as a heater.
The AFM heating stage may be a heating plate under the
AFM sample holder.

The AFM 1nstrument 906 (and the spectrometer 904 it
employed) can have a computing processor and memory
storing code executed by the processor for operation of the
instrument. The code may include data-interpretation logic
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or istructions to convert the directly read data to output data
based on the equipment. The executed code may generally
provide for a user interface. The instrument memory can
typically store data. The computing processor as directed by
the executed code may act as a controller to generally run the
AFM mstrument 906 including to instruct the AFM 1instru-
ment 906 how to move the cantilever tip and where to find
the mounted sample. The controller may take the real-time
data from the AFM 1nstrument tip motion or heat measure-
ment and converts the data to topography, adhesion prop-
erties, mechanical properties, and maps of properties.

The source-rock evaluation system 900 may also include
a computing system 910 for data analysis and data correla-
tions. The computing system 910 can be local, remote, or
portable. The computing system 910 has a processor 912 and
memory 914 storing code 916 (for example, logic and
mstructions) executed by the processor 912 to perform
alorementioned actions related to the present techniques.
The computing system 910 may be single computing device
or a computer, a server, a desktop, a laptop, multiple
computing devices or nodes, a distributed computing sys-
tem, or control system. The computing system 910 may be
local (for example, 1 the laboratory) or remote from the
spectrometer system 904 and AFM 1nstrument 906 system.
The computing system 910 may represent multiple comput-
ing systems or devices across separate geographical loca-
tions. The computing system 910 may be a component of a
control system. The processor 912 may be one or more
processors, and each processor may have one or more cores.
The hardware processor(s) 712 may include a microproces-
sor, a central processing unit (CPU), graphic processing unit
(GPU), or control card. The memory 914 may include
volatile memory (for example, cache and random access
memory or RAM), nonvolatile memory (for example, hard
drive, solid-state drive, and read-only memory or ROM),
and firmware.

The computing system 910 may store calibration equa-
tions or calibration curves (for example, as generated in
block 110 of FIG. 1 and block 210 of FIG. 2). In operation,
the computing system 910 may receive iput of responses of
the cantilever tip in the AFM instrument 906 analysis of a
mounted actual sample. The mput to the computing system
910 may be automated or manual (user input). The comput-
ing system 910 may determine or calculate the relevant
thermal property (for example, thermal conductivity or
transition temperature) based on the received mputs and the
applicable calibration curve.

The computing system 910 i1s unconventional, for
example, 1n that the computer facilitates determination ther-
mal properties of a source-rock sample at microscale or
nanoscale. In this context, the computer 1s innovative with
respect to feasibility and accuracy. The technology of geo-
logical formation evaluation (including evaluation of uncon-
ventional formations or shale formations) 1s improved. The
technology areas of basin modeling and well production
performance analysis are advanced.

FIG. 10 1s a method 1000 of evaluating a geological
formation which may be an unconventional formation (for
example, a shale formation). The formation may have
hydrocarbons. The hydrocarbons may be crude o1l or natural
gas. The formation may have mmorganic components (min-
erals) and organic components (for example, kerogen). In
regions of the formation, the organic components may be
intertwined with the inorganic components. The geological
formation may be labeled a rock formation, a source rock
formation, a hydrocarbon-containing formation, a reservoir,
a hydrocarbon reservoir, and a source rock reservorr.
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At block 1002, the method includes collecting and pre-
paring a source-rock sample. The source-rock sample may
be collected from the geological formation (source-rock
formation). The sample preparation may include forming
(for example, cutting or shaping) the source-rock sample.
The shaped or cut source-rock sample may be mounted to an
AFM sample holder. In implementations for AFM SThM,
the source-rock sample may be mounted to the sample
holder with a specified orientation relative to bedding of the
source-rock sample.

The sample preparation may include polishing the source-
rock sample to reduce surface roughness. If polishing 1s
employed, the polishing may include mechanical polishing
and 1on milling (for example, argon 10on milling) the surface
to a specified surface roughness. In one implementation, the
speciflied surface roughness 1s 1n a range of 1 nm to 13 um.
In another implementation, the surface roughness in less
than 15 pm.

At block 1004, the method includes identifying a region
or region of interest on the sample. In certain 1implementa-
tions, the region has dimensions less than 1 mm. The length
and width of the region may each be less than 1 mm. In some
implementations, the region of interest may be identified via
a reflected-light optical image of the source-rock sample. In
some cases, spectrometer data can be combined with the
optical 1image to locate regions. In addition to or in lieu of
a reflected-light optical 1mage, the region of interest may be
identified via SEM, EDS, fluorescence, AFM-IR, or FTIR,
or any combinations of these. In implementations for AFM
nanoTA, the method may include selecting measurement
areas or points ol the region based on a topography map and
the presence of organic domains.

At block 1006, the method include acquiring topography
of the region of the sample, for example, at a resolution less
than 1 micrometer. In certain embodiments, the AFM 1nstru-
ment 1n contact mode 1s utilized. In contact mode, the AFM
cantilever tip moves along the sample surface and the
deflection of the cantilever 1s measured to produce a topog-
raphy map. A topography map of the micrometer region may
be acquired at nanometer resolution. In AFM SThM, topog-
raphy of the region may be acquired during the heating of
the cantilever tip or the source-rock sample and during

collecting of SThM data.

At block 1008, the method includes measuring, via AFM,
a thermal property of the source-rock sample a scale less
than 1 millimeter. In AFM SThM, the thermal property may
be thermal conductivity. In AFM nanoTA, the thermal
property may be material transition temperatures (I'g or Tm)
or thermal 1indicators of chemical composition and crosslink
density. The AFM in nanoTA mode may measure thermal
expansion as an indicator of chemical composition or cross-
link density.

Thermal expansion may refer to a fractional change in
s1ze ol a material 1n response to a change in temperature. The
fractional change can be linear expansion, areal expansion
(or superficial expansion), or linear expansion (or cubical
expansion) and can be directly proportional to temperature
change (AT). A coeflicient of thermal expansion may be the
ratio of the fractional change 1n size of a matenal to its
change 1n temperature and can have umts of the inverse of
kelvin (1/K).

In AFM nanoTA, the measurement may be at the mea-
surement areas selected based on the topographical map and
the presence of organic domains. NanoTA data may be
collected at each measurement area over a ramp of the AFM
istrument probe tip temperature from a first temperature
(for example, room temperature) to a second temperature
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(for example, less than 500° C.). The method may include
determining material differences 1n organic domains based
on temperature-vs-deflection data collected by the AFM
instrument.

The method may include measuring thermal conductivity
of the region by the AFM instrument in SThM mode at a
resolution less than 1 micrometer and at a selected scan rate.
In the AFM SThM mode, the method may include selecting
a set-point voltage for heating the AFM instrument cantile-
ver or cantilever tip for measuring the thermal conductivity
of the region. The voltage response associated with the heat
transier between the cantilever tip and the mounted sample
may be correlative with thermal conductivity of the mounted
sample.

A first approach of the SThM mode 1s to set the tempera-
ture of the AFM 1nstrument cantilever tip (via a heat ramp)
during the scan while not heating the sample and in which
heat transiers from the tip to the mounted sample. The tip
may be set to a temperature greater than room temperature.
The scan and collecting of SThM data can occur during the
heat ramp.

A second approach 1s to maintain the cantilever tip at a
constant temperature (for example, room temperature) and
set the temperature of the mounted sample at a temperature
via a heating stage below the sample. Heat may transfer
from the sample to the tip. Implementations can include
holding constant the sample temperature while initially
scanning at a first temperature of the tip and then scanning
at a second temperature of the tip. Scans may be performed
at a series of different temperatures of the tip while the
sample temperature 1s held constant. This could similarly be
performed where the tip temperature 1s held constant and a
heating stage changes the sample temperature over a series
of different temperatures during scans. For the heating stage
cases, these scans could be performed while the sample 1s
coming to temperature equilibrium (set point) or after the
sample has reached temperature equilibrium.

The method may include collecting SThM data and
topography for the region at the resolution less than 1
millimeter for multiple different scan rates to give three
dimensional (3D) eflects. The method may include repeating
the SThM process with source-rock samples mounted 1n the
AFM sample holder in varying orientations relative to
bedding of the source-rock samples. The thermal conduc-
tivity of the minerals and organic domains in the source rock
may be determined based upon how heat travels through the
samples and linked to nanoscale variations 1n mineralogy,
lithology, and organic content. The method may also include
employing EDS and 3D imaging to 1dentily chemical com-
ponents spatially.

The method may include utilizing a bulk pyrolysis instru-
ment for analyzing source rock to iterpret thermal maturity.
The pyrolysis may be the decomposition of organic matter
by heating 1n the absence of oxygen. The pyrolysis may be
employed to measure richness and maturity of potential
source rocks. In a pyrolysis analysis, the organic content
may be pyrolyzed in the absence of oxygen and then
combusted. The amount of hydrocarbons and carbon dioxide
released may be measured. Implementations of the bulk
pyrolysis instrument include, for example, the HAWK
Pyrolysis Instrument, the Source Rock Analyzer (SRA), and
Rock-Eval® pyrolysis instrument. In the pyrolysis, a sample
may be progressively heated (for example, to 550° C.) under
an nert atmosphere. During the analysis, the hydrocarbons
already present 1n the sample are volatized and the amount
of these hydrocarbons measured and recorded as a peak
known as S1. Next, the amount of hydrocarbons generated
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by pyrolysis of kerogen 1n the sample 1s recorded as an S2
peak. The amount of CO, generated 1s recorded as the S3
peak. The amount of residual carbon i1s measured and
recorded as S4. The percent total organic carbon (TOC) may
be related to the S peaks.

An embodiment 1s a method of evaluating a geological
formation including preparing a source-rock sample from
the geological formation and acquiring a topography map of
a region of the source-rock sample at a resolution less than
1 um. The region may be chosen as a region of interest
identified based on a reflected-light optical image of the
source-rock sample including evaluating gray scale, color
variation, domain shape, or features adjacent the region, or
any combinations of these. Measurement areas of the region
are selected based on the topography map. A portion of
interest of the region may be 1dentified based on the topog-
raphy map. The portion of interest may include organic
domains or inorganic domains, or both, of the rock structure.
The measurement areas of the region may be selected based
on the portion of interest and on the topography map.

The method includes determining, via AFM, thermal
conductivity of the source-rock sample at the measurement
areas at a scale less than 1 millimeter. In 1implementations,
the measurement areas each have a width in arange of 10 um
to 500 um and a length 1 a range of 10 um to 500 um. The
AFM may involve scanning thermal microscopy (SThM),
such as with the AFM instrument in SThM mode. The
determining of the thermal conductivity via AFM may
involve applying voltage to a cantilever tip portion of a
cantilever of the AFM instrument utilized to determine the
thermal conductivity. The applying of voltage to the canti-
lever tip portion may include applying voltage to a heating
clement on the cantilever tip portion. In 1implementations,
the heating element 1s a circuit printed on the cantilever. The
determining of thermal conductivity may imvolve measuring
voltage diflerence across the heating element (for example,
across the circuit printed on the cantilever). In certain
implementations, the method includes maintaining the can-
tilever tip portion at a set-point temperature. The determin-
ing of the thermal conductivity may involve transferring
heat from the cantilever tip portion to the source-rock
sample. On the other hand, the determining of the thermal
conductivity may involve heating the source-rock sample
and transferring heat from the source-rock sample to the
cantilever tip portion. The determination of the thermal
conductivity of the source-rock sample via AFM may
include measuring a voltage difference across heating ele-
ment (for example, across the circuit printed on the canti-
lever tip portion) while the cantilever tip portion 1s inter-
acting with the source-rock sample.

The method may include generating a calibration curve
based on standards samples each having a known thermal
conductivity. The calibration curve may relate voltage dii-
ference across the heating element on the cantilever tip
portion with values of thermal conductivity. The calibration
curve may be generated by measuring voltage difference
across the heating element and with the cantilever tip portion
interacting with the standards samples. The determination of
the thermal conductivity of the source-rock sample via AFM
may 1mvolve utilizing the calibration curve. For instance, the
calibration curve may be utilized to convert a measured
voltage diflerence to a thermal conductivity value based on
the calibration curve. The determination of the thermal
conductivity of the source-rock sample via AFM may
include correlating the measured voltage difference with a
value of thermal conductivity indicated by the calibration
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curve. The measurement of the voltage diflerence may
include measuring a change in voltage difference.

Another embodiment 1s a method of evaluating a geo-
logical formation. The method includes mounting a source-
rock sample from the geological formation to a sample
holder of an AFM 1nstrument. The source-rock sample may
be mounted with a specified orientation relative to bedding
of the source-rock sample. The method includes 1dentifying
a region of interest of the source-rock sample via a retlected-
light optical image of the source-rock sample. In addition to
or 1n lieu of a reflected-light optical image, the region (as a
region of interest) may be 1dentified 1n certain embodiments
via SEM, EDS, fluorescence, AFM-IR, or FTIR. The method
includes determining thermal conductivity of the region with
the AFM mstrument 1n SThM mode. The AFM 1nstrument
employs a cantilever having a cantilever tip. The determi-
nation of thermal conductivity may include transferring heat
from the cantilever tip to the source-rock sample mounted 1n
the sample holder. The determination of the thermal con-
ductivity may ivolve collecting SThM data for the region
at a resolution less than 1 micrometer at a selected scan rate,
and where the region comprises a width and length each less
than 1 millimeter. The method may include collecting topog-
raphy of the region at the resolution at the selected scan rate.
The selected scan rate may include multiple different scan
rates to give three dimensional (3D) ellects.

The method may include determining indication of heat
flow from the cantilever tip to a known material standard.
The method may 1include determining indication of heat tlow
from the cantilever tip to an environment of the AFM
mstrument at least 1 millimeter (mm) from the mounted
source-rock sample.

The method may include maintaining the cantilever tip at
a constant temperature (for example, room temperature).
The method may include setting temperature and ramp
parameters of a heating stage of the AFM 1nstrument to heat
the source-rock sample. The heating stage provides a heating,
ramp during the determining of thermal conductivity. The
method may 1mvolve collecting SThM data and topography
for the region at a resolution less than 1 millimeter through
the heating ramp. The method may include checking diam-
cter or width of the cantilever tip. In certain implementa-
tions, the diameter 1s in a range of 10 nm to 100 nm.

Yet another embodiment 1s a method of evaluating a
geological formation. The method includes preparing a
source-rock sample from the geological formation and
acquiring a topography map of a region of the source-rock
sample at a resolution less than 1 um. The region may be
chosen as a region of interest 1dentified based on a reflected-
light optical image of the source-rock sample. Alternatives
to a reflected-light optical image include SEM, EDS, fluo-
rescence, AFM-IR, or FTIR, or an combinations of these.
The method includes selecting measurement areas of the
region based on the topography map. In implementations,
the measurement areas may each have a width 1n a range of
10 um to 500 um and a length 1n a range of 10 um to 500
um. The method may include identifying organic domains of
the region based on the topography map. The measurement
areas ol the region may be selected based on the organic
domains and on the topography map.

The method 1includes determining material transition tem-
perature of the source-rock sample at the measurement areas
at a scale less than 1 millimeter via AFM with an AFM
instrument. The material transition temperature may be glass
transition temperature (1g) or melting point temperature
(I'm). The method may also include determining thermal
expansion or crosslink density of the source-rock sample at
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the measurement areas at the scale less than 1 millimeter via
the AFM 1nstrument. The AFM may involve nanoTA. The
AFM instrument may be 1n nanoTA mode. The AFM 1nstru-
ment includes cantilever having a cantilever tip. The method
may include sensing deflection of the cantilever as atiected
by 1interaction of the cantilever tip with a surface of the
source-rock sample. A voltage may be applied to the canti-
lever tip. The determining of the matenal transition tem-
perature may involve collecting nanoTA data at each mea-
surement area over a temperature ramp of the cantilever tip
from a first temperature to a second temperature. The {first
temperature may be, for example, room temperature. The
second temperature may be, for example, less than 500° C.
The nanoTA data may include deflection of the cantilever
versus temperature of the cantilever tip. The detlection 1s 1n
response to contact of the cantilever tip with the sample. The
method may include performing a topography scan and
measuring height, indention, and lateral extent of thermal
damage of the region caused by collecting the nanoTA data.
The method may include determining material differences 1n
organic domains in the measurement areas based on detlec-
tion of the cantilever tip versus temperature of the cantilever
tip. The method may include generating a calibration curve
with the AFM mstrument by measuring material transition
temperature ol standards samples each having a known
material transition temperature.

Yet another embodiment 1s a method of evaluating a
geological formation. The method includes mounting a
source-rock sample from the geological formation to a
sample holder of an AFM instrument. The source-rock
sample 1s mounted with a specified orientation relative to
bedding of the source-rock sample. The method includes
identifving a region of interest of the source-rock sample via
a reflected-light optical image, SEM, EDS, fluorescence,
AFM-IR, or FTIR of the source-rock sample. In implemen-
tations, the region may have a width and length each less
than 1 millimeter. The method includes determining a mate-
rial property of organic domains of the region via the AFM
istrument 1n nanoTA mode. The material property may be
Tg, Tm, crosslink density, thermal expansion, or thermal
damage. The material property may be determined by col-
lecting nanoTA data for the region at a resolution less than
1 micrometer at a selected ramp rate for temperature of the
source-rock sample. The method may include collecting
topography of the region at the resolution. The method may
include checking diameter of a cantilever tip of the AFM
instrument.

A number of implementations have been described. Nev-
ertheless, 1t will be understood that various modifications
may be made without departing from the spirit and scope of
the disclosure.

What 1s claimed 1s:
1. A method of evaluating a geological formation, com-
prising;:

preparing a source-rock sample from the geological for-
mation;

acquiring a topography map of a region of the source-rock
sample at a resolution less than 1 micrometer (um);

selecting measurement areas of the region based on the
topography map; and

determining material transition temperature of the source-
rock sample at the measurement areas at a scale less
than 1 millimeter via atomic force microscopy (AFM)
with an AFM instrument, wherein the AFM 1nstrument
comprises a cantilever comprising a cantilever tip.
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2. The method of claim 1, comprising determining ther-
mal expansion of the source-rock sample at the measure-
ment areas at the scale less than 1 millimeter via the AFM
instrument.

3. The method of claim 1, comprising determining cross-
link density of the source-rock sample at the measurement
arcas at the scale less than 1 millimeter via the AFM
instrument.

4. The method of claim 1, wherein the material transition

temperature comprises glass transition temperature (I'g).

5. The method of claim 1, wherein the material transition
temperature comprises melting point temperature (I'm).

6. The method of claim 1, wherein the measurement areas
cach comprise a width 1n a range of 10 um to 500 um and
a length 1n a range of 10 um to 500 um.

7. The method of claim 1, comprising sensing deflection
of the cantilever as aflected by interaction of the cantilever
tip with a surface of the source-rock sample.

8. The method of claim 1, comprising applying voltage to
the cantilever tip.

9. The method of claim 1, comprising measuring a diam-
cter of the cantilever tip.

10. The method of claim 1, comprising generating a
calibration curve with the AFM instrument by measuring
maternial transition temperature of standards samples each
having a known material transition temperature.

11. The method of claim 1, comprising choosing the
region as a region of interest identified based on a reflected-
light optical image of the source-rock sample.

12. The method of claim 1, comprising selecting the
region as a region of interest 1dentified based on analysis of
the source-rock sample, the analysis comprising scannming
clectron microscopy (SEM), energy dispersive spectroscopy
(EDS), fluorescence, AFM-inirared red (IR), or Fourier-
transform inirared spectroscopy (FTIR), or any combina-
tions thereof.

13. The method of claim 1, comprising identifying
organic domains of the region based on the topography map,
wherein selecting comprises selecting measurement areas of
the region based on the organic domains and on the topog-
raphy map.

14. The method of claim 1, wherein the AFM comprises
nanothermal analysis (nanoTA), and wherein the AFM
instrument 1s 1n nano’TA mode.

15. The method of claim 14, wherein determining the
material transition temperature comprises collecting
nanoTA data at each measurement area over a temperature
ramp of the cantilever tip from a first temperature to a
second temperature.

16. The method of claim 15, wherein the first temperature
comprises room temperature, and wherein the second tem-
perature comprises less than 500° C.

17. The method of claim 15, wherein the nanoTA data
comprises deflection of the cantilever versus temperature of
the cantilever tip, wherein the deflection 1s 1n response to
contact of the cantilever tip with the sample.

18. The method of claim 15, comprising performing a
topography scan and measuring height, indention, and lat-
cral extent of thermal damage of the region caused by
collecting the nanoTA data.

19. The method of claim 1, comprising determimng
material differences 1n organic domains 1n the measurement
areas based on deflection of the cantilever tip versus tem-
perature ol the cantilever tip.

20. A method of evaluating a geological formation, com-
prising:
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mounting a source-rock sample from the geological for-
mation to a sample holder of an atomic force micros-
copy (AFM) instrument, the source-rock sample
mounted with a specified orientation relative to bedding
of the source-rock sample;
identifying a region of interest of the source-rock sample
by analysis of the source-rock sample; and

determining a material property of organic domains of the
region via the AFM instrument 1n nanothermal analysis
(nanoTA) mode.

21. The method of claim 20, wherein the analysis 1s via a
reflected-light optical image of the source-rock sample.

22. The method of claim 20, wherein determining the
material property comprises collecting nanoTA data for the
region at a resolution less than 1 micrometer at a selected
ramp rate for temperature of the source-rock sample,
wherein the region comprises a width and length each less
than 1 millimeter.

23. The method of claim 22, comprising collecting topog-
raphy of the region at the resolution.

24. The method of claim 20, comprising checking diam-
cter of a cantilever tip of the AFM mstrument.

25. The method of claim 20, wherein the material property
comprises material transition temperature comprising glass
transition temperature (Tg) or melting point (ITm).

26. The method of claim 20, wherein the material property
comprises crosslink density.

277. The method of claim 20, wherein the material property
comprises thermal expansion.

28. The method of claim 20, wherein determining the
material property comprises determining thermal damage of
the organic domains.
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